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Human papillomavirus type 16 (HPV-16) infects the genital tract and is closely associated with the devel-
opment of cervical cancer. HPV-16 initiates infection at the genital mucosal surface; thus, mucosal immune
responses are likely to contribute to defense against HPV-16 infection. However, little information is available
regarding the induction of immune responses in the genital tract mucosa. In this study, we evaluated the
potential of intranasally administered papillomavirus vaccines to elicit both systemic and vaginal immune
responses. HPV-16 virus-like particles (VLPs) produced by self-assembly of L1 protein and the HPV-16 L1 gene
cloned into a mammalian expression vector were used as vaccines. Intranasally administered VLPs induced
serum immunoglobulin G (IgG) and vaginal IgA secretory antibodies. Very weak serum IgG and vaginal IgA
responses were found after DNA immunization. Both splenic and vaginal lymphocytes could be activated by
intranasal immunization with VLPs and the HPV-16 L1 gene. Activated CD41 Th1-like T cells were shown to
synthesize gamma interferon, and activated CD81 T cells were demonstrated to be cytotoxic.

Papillomaviruses infect and cause proliferative lesions in
cutaneous and mucosal squamous epithelia. Over 100 types of
human papillomavirus (HPV) have been identified (8), and 35
of them infect the genital tract. Among the genital HPVs,
low-risk types induce benign lesions or genital warts, while
high-risk or oncogenic types are the main cause of cervical
cancer (39), the second most common cancer in women world-
wide (48). High-risk HPVs are also associated with cancers of
the anogenital tract and possibly also with cancers of the upper
respiratory tract and skin cancers (4, 7, 54).

Since there is no effective treatment for HPV-induced le-
sions and since the control of cervical cancer through screening
programs has largely failed in developing countries, it is essen-
tial to develop HPV vaccines to prevent and treat HPV infec-
tions and the associated diseases.

Two types of HPV vaccine are currently under development:
therapeutic and prophylactic. Therapeutic vaccines are based
on the induction of cellular immunity directed against cells
expressing viral antigens to effect the regression of HPV-asso-
ciated lesions. The E6 and E7 proteins are the natural targets
for these vaccines because they are consistently expressed in
cervical cancer cells. Prophylactic vaccines are based on the
induction of neutralizing antibodies able to prevent HPV in-
fection. The antigens used for the latter are the capsid pro-
teins, L1 and L2. The generation of virus-like particles (VLPs)
for the most common HPV types (51) has greatly accelerated
the development of these vaccines. Animal studies have indi-
cated that neutralizing antibodies against conformational
epitopes of the L1 major capsid protein are necessary to pre-
vent HPV infection (6, 9, 22, 53).

The principal aim of prophylactic vaccines is to prevent
genital HPV infections and HPV-associated genital tumors;
thus, an effective vaccine ideally should stimulate immune re-
sponses in mucosal tissues and associated lymph nodes (LNs).
Such responses include the secretion of immunoglobulin A
(IgA), which mediates virus neutralization to induce complete
inactivation of the virus before any cells become infected. The
induction of mucosal IgA responses strongly depends on help
provided by CD41 T cells, and the costimulatory molecules
and cytokines that they express may play a major role in mu-
cosal immune responses (20, 49). These T cells residing in
mucosal response-inducing sites may provide a mechanism to
eliminate cells undergoing productive viral infection and to
prevent virus dissemination if the mucosal barrier is breached.
Recent studies have provided evidence that the female repro-
ductive tract has the characteristics of mucosal effector tissues,
with IgA-producing cells, T-lymphocyte subpopulations, and
secretory components (15, 27, 38, 44), indicating that a muco-
sal immunization strategy should elicit the secretion of both
antibodies and cytotoxic T lymphocytes (CTL) in the genital
tract.

Based on the concept of a common mucosal immune system
(37), intranasal immunization with particular antigens has al-
ready been proven to generate specific cellular and humoral
responses to numerous immunogens and to confer protection
(10, 18, 55, 62). The mucosal response was shown to be en-
hanced by cholera toxin (CT), which has great potential as an
adjuvant in intranasal vaccinations (5, 10, 55). Another candi-
date approach to induce mucosal immunity consists of the
administration of plasmid DNA containing a viral gene (43).
DNA administered intranasally is effective at inducing mucosal
antibody responses (25, 61) and at conferring partial protec-
tion against genital tract pathogens (61).

Only limited information is available concerning HPV-spe-
cific mucosal immunity in the female reproductive tract. Mu-
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cosal immunity is considered essential for protection against
invading pathogens, and it is therefore important to find opti-
mal administration routes that elicit protection in the genital
mucosa. Experiments with mice have shown that systemic im-
munization with HPV type 1 (HPV-1) VLPs does not induce
cervical IgA (17), whereas i.n. administration of HPV-6b and
bovine papillomavirus type 1 VLPs induces both IgG and IgA
in vaginal secretions (30). In addition, anti-HPV-11 VLP cer-
vicovaginal IgG elicited after intramuscular immunization of
monkeys is sufficient to neutralize HPV-11 in the athymic
mouse xenograft model (33). These results illustrate that im-
munization with papillomavirus VLPs via mucosal and sys-
temic routes triggers both a systemic T-cell immune response
and neutralizing antibodies at mucosal surfaces. However,
none of these models is adequate to address the question of
whether vaginal immunoglobulins are sufficient to protect the
genital mucosa and whether VLPs elicit T-cell responses at the
mucosal level.

The abilities of HPV-16 VLPs to activate systemic humoral
and cellular immunity in mice when injected subcutaneously
and to induce a vaginal IgA response when administered in-
tranasally have already been described (1, 14, 41). Neutralizing
antibodies have also been obtained after intramuscular immu-
nization of rabbits with DNA coding for the L1 protein of
cottontail rabbit papillomavirus (13).

We report a study to establish whether the intranasal ad-
ministration of either HPV-16 L1 protein VLPs or the HPV-16
L1 gene in combination with CT elicits both systemic and
mucosal humoral and cellular immune responses.

MATERIALS AND METHODS

HPV VLP vaccine preparation. Recombinant HPV-16 L1 VLPs were prepared
as previously described (28, 56). Briefly, the HPV-16 L1 coding sequence from
HPV strain Sen32 (57) was cloned into the pBlueBacIII vector (Invitrogen, San
Diego, Calif.). The expression vector obtained was cotransfected into Sf-21 cells
together with Autographa californica multiple nuclear polyhedrosis virus genomic
DNA. Sf-21 cells were infected with a recombinant baculovirus selected by
end-point dilution. Nuclei of infected insect cells were sonicated, the lysate was
ultracentrifuged through a 40% sucrose cushion, and VLPs were purified by
isopycnic centrifugation in a CsCl gradient. After ultracentrifugation, fractions
were collected and tested for density and the presence of VLPs by electron
microscopy and an enzyme-linked immunosorbent assay (ELISA). The positive
fractions were pooled and concentrated by ultracentrifugation (3 h at 28,000 rpm
in a Beckman SW28 rotor). HPV-16 L1 VLPs were resuspended in phosphate-
buffered saline (PBS) and inactivated with formaldehyde. Hepatitis B core (HBc)
VLPs were prepared as previously described (58) and used as controls.

HPV DNA vaccine preparation. The L1 coding sequence of HPV-16 from
strain Fra63 (57) was cloned by PCR amplification with primers designed to
introduce BglII restriction enzyme sites at the 59 and 39 ends. The amino acid
sequences of the L1 proteins from strains Sen32 and Fra63 are identical (57).
Following amplification, the PCR product was cloned into the pCRII vector (TA
cloning kit; Invitrogen). After digestion with restriction enzymes HindIII and
NotI, the L1 gene was cloned into pcDNA3, a mammalian expression vector
(Invitrogen), under the control of the cytomegalovirus immediate-early pro-
moter. This construct was designated HPV-16 L1 DNA. Plasmid DNA was
grown in Escherichia coli DH5a and purified with Nucleobond AX 2000 (Ma-
cherey-Nalgen, Hoerdt, France). DNA concentrations were determined by spec-
trophotometry (A260) and confirmed by quantitative electrophoresis. HPV-16 L1
DNA was stored in 1 mM Tris (pH 7.8)–0.1 mM EDTA. DNA was diluted in 0.15
M NaCl prior to injections.

The HBc DNA plasmid contained an insertion of the HBc gene coding for the
first 144 amino acids of the HBc antigen into the pcDNA3 vector under the
control of the cytomegalovirus promoter (58). For this purpose, the HBc gene
was excised from the pCRII-HBc vector (58) with restriction enzyme EcoRI and
cloned into the pcDNA3 EcoRI restriction site. This construct was designated
HBc DNA.

Mice. Seven groups of 8- to 10-week-old female BALB/c mice (IFFA Credo,
St. Germain l’Arbresle, France) were used in the immunization studies. Each
experimental group was composed of five to seven mice. Experimental groups for
the purification of iliac LNs and vaginal T-lymphocyte subsets were composed of
20 mice.

Immunization. Mice received three doses of 10 mg of HPV-16 L1 VLPs
combined with 2.5 mg of CT (Sigma, Saint-Quentin Fallavier, France) or 100 mg
of HPV-16 L1 DNA alone or combined with 2.5 mg of CT at 15-day intervals.

Each vaccine dose was diluted to 20 ml in 0.15 M NaCl and was instilled into the
nostrils with a micropipette. Mice were either anesthetized with diethyl ether
(Prolabo, Fontenay sous Bois, France) or conscious. Control mice received 10 mg
of either HBc VLPs or HBc DNA combined with 2.5 mg of CT under anesthesia.
Splenocytes and vaginal lymphocytes were harvested 15 days after the last vac-
cine dose. Each experiment was repeated twice.

Biological fluids. Serum blood samples were obtained by retroorbital puncture
just before vaccination and 1 week after each injection. Vaginal secretions were
obtained by washing the vaginal lumen with 50 ml of PBS containing 0.1%
phenylmethylsulfonyl fluoride (Sigma).

Purification of splenocytes and iliac LN cells. Mice were sacrificed 8 days after
the last immunization. Spleens and iliac LNs were harvested. Lymphocytes were
isolated from both organs, and contaminating erythrocytes were lysed by hypo-
tonic shock with a 0.83% ammonium chloride solution. Cells were resuspended
in RPMI medium containing 1% HEPES (Life Technologies, Cergy Pointoise,
France), 5% fetal calf serum (FCS) (Life Technologies), 2 mM L-glutamine
(Gibco), 100 IU of penicillin per ml, and 100 mg of streptomycin (Gibco). For the
lymphoproliferation assay, 2 3 105 cells were seeded in triplicate in wells of
flat-bottom microplates (Nunc, Cergy Pontoise, France) in the presence of var-
ious dilutions of purified HPV-16 L1 VLPs (0.8 to 100 mg/ml), 100 mg of bovine
serum albumin, and 10 or 25 mg of concanavalin A and incubated for 4 days
(37°C, 5% CO2). Then, [3H]thymidine (18.5 kBq/mmol; NEN, Zaventem, Bel-
gium was added and incubated for 18 h, and radioactive incorporation was
measured by liquid scintillation counting. Results (means for three wells) were
expressed as the change in counts per minute (counts per minute in immunized
mice minus counts per minute in control mice).

Vaginal lymphocyte purification. Vaginas were excised, cut longitudinally, and
minced with a sterile scalpel in Hanks buffer without calcium and magnesium
(Life Technologies). After four washes with Hanks balanced salt solution
(HBSS) medium (Life Technologies) containing 1 mM EDTA, minced tissues
were digested in RPMI medium-FCS containing 1 mg of collagenase type IV
(Sigma) per ml and 1 mg of Dispase (Boehringer, Meylan, France) per ml.
Digestion was performed under magnetic stirring (1 h, 37°C). Cells were filtered
through a sterile gauze mesh and washed with RPMI medium-FCS. Additional
tissue debris was excluded by low-speed centrifugation (200 3 g, 10 min). Cells
were collected by an additional centrifugation (400 3 g, 10 min), resuspended in
RPMI-FCS, and purified with a Ficoll-Hystopaque (Sigma) gradient. Approxi-
mately 3 3 105 cells were collected from seven mice.

Purification of iliac LN cells and vaginal T-lymphocyte subsets. Iliac LN cells
and vaginal cells were purified from 20 mice and were restimulated for 4 days
with 15 mg of HPV-16 VLPs per ml. After 4 days, cells were resuspended in
HBSS–10% FCS and washed twice before separation. Thirty million cells were
incubated with a rat anti–mouse Thy-1.2 monoclonal antibody conjugated with
superparamagnetic microbeads developed for a magnetic cell sorter MACS;
Miltenyi, Berisch Gladbach, Germany) for 15 min at 4°C or with a rat anti-mouse
CD8b monoclonal antibody (53-5.8; Pharmingen, San Diego, Calif.) for 30 min
at 4°C, followed by 15 min of incubation at 4°C with goat anti-rat IgG-conjugated
magnetic microbeads (Miltenyi). These complexes were applied to a column
prewashed with PBS–10% FCS (PBS-FCS) on a mini-MACS system (Miltenyi).
Nonadherent Thy-1-negative and CD8b-negative (CD8b

2) cells were collected
by passage through PBS-FCS and then were reapplied three times to the column.
The separation column was then removed from the mini-MACS system, and
Thy-1.21 or CD8b1 cells were eluted by washing with PBS-FCS. Both positive
and negative cells were analyzed by flow cytometry with a FACSsort (Becton
Dickinson, Le Pont de Claix, France). The mini-MACS separation yielded a
purity of up to 90% for each cell fraction.

Immunofluorescence labeling and flow cytometry. Splenic and vaginal lym-
phocytes were phenotyped with anti-CD22 (B lymphocytes), anti-CD41, anti-
CD81, and anti-Thy-1.2 (predominantly T lymphocytes) antibodies conjugated
to fluorescein (Pharmingen). Lymphocytes were incubated (30 min at room
temperature) with sheep sera to eliminate nonspecific reactions. Cells were
stained with the appropriate antibodies (diluted 1:1,000) for 1 h at 4°C. After
washing, phenotype analysis was performed by flow cytometry.

Cytotoxicity assay. Thioglycolate-elicited macrophages were used as target
cells. Peritoneal macrophages from three mice were collected 4 to 7 days after
thioglycolate administration. Macrophages were washed three times in HBSS
and dispensed in culture medium at a concentration of 3 3 104 cells/well into
round-bottom tissue culture plates (Falcon, Lincoln Park, N.J.). They were
incubated for at least 4 h at 37°C in 5% CO2 and then radiolabeled with 51Cr (1
mCi/well; specific activity, 469 mCi/mg; NEN) for 3 h. After washing, radiola-
beled target cells were sensitized with 15 mg of HPV-16 VLPs per ml and
incubated overnight. Macrophages were washed just before contact with effector
cells, which were purified iliac LN or vaginal cells. After purification, the effector
cells (106/ml) were activated over 4 days with 15 mg of HPV-16 VLPs per ml in
plates containing nonradiolabeled macrophages (104/ml). The activated cells
were collected, washed, and enumerated just before the cytotoxicity assay.

Target cells were incubated with iliac LN cells or vaginal lymphocytes at an
effector/target ratio of 10:1 in a final volume of 200 ml of culture medium. After
centrifugation at 200 3 g for 2 min, culture plates were incubated at 37°C for 4 h.
Thereafter, plates were centrifuged at 200 3 g, 100 ml of supernatant was
harvested from each well, and 51Cr release was assayed by liquid scintillation
counting (Packard 1600 TR; Meuden). The percentage of specific 51Cr release
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was calculated as the mean counts per minute of the tested sample minus the
mean counts per minute of spontaneous release divided by the mean counts per
minute of maximal release minus the mean counts per minute of spontaneous
release, multiplied by 100.

Analysis of IFN-g in culture supernatants. Splenic lymphocytes (2 3 106) or
vaginal lymphocytes (2 3 104) were seeded in duplicate in 24-well flat-bottom
culture plates (Life Technologies) in the presence or absence of 15 mg of purified
HPV-16 L1 VLPs per ml. Gamma interferon (IFN-g) production was assessed in
72-h culture supernatants by a sandwich ELISA according to the manufacturer’s
recommendations with an anti–mouse IFN-g antibody. Cytokine concentration
was determined by comparison to standard curves constructed with fixed
amounts of mouse recombinant IFN-g (Genzyme, Boston, Mass.).

IgG and IgA antibody responses. Wells of flat-bottom microplates (96 wells;
Nunc) were coated overnight at 4°C with HPV-16 L1 VLPs in PBS (pH 7.4).
After washing with PBS–0.1% Tween 20, PBS containing 1% newborn bovine
serum (Sigma) was added (30 min at 37°C). The blocking solution was replaced
with 100 ml of sera diluted from 1:50 to 1:100,000 in 53 PBS–10% newborn
bovine serum–2% Tween 20, and the plates were incubated at 45°C for 90 min.
Bound antibodies were detected with goat anti-mouse IgG (diluted 1:1,000)
conjugated to horseradish peroxidase (Sigma). The experimental procedure for
anti-IgA determination was identical to that for the detection of anti-HPV-16 L1
VLP IgG, except that the vaginal secretions were diluted from 1:2 to 1:800.
Bound antibodies were detected with goat anti-mouse IgA (diluted 1:1,000)
conjugated to horseradish peroxidase (Sigma). Results were expressed as geo-
metric mean titers (GMT). An IgG GMT of less than 50 and an IgA GMT of less
than 4 were considered negative.

RESULTS

Intranasal instillation of HPV-16 L1 VLPs without anesthe-
sia induced serological antibody responses when associated
with CT. A dose-effect experiment was carried out with
HPV-16 L1 VLPs and CT (Fig. 1). HPV-16 L1 VLPs alone
failed to induce detectable antibodies against VLPs, but a
serum IgG response to HPV-16 L1 VLPs was found in all
groups of mice intranasally instilled with HPV-16 L1 VLPs
combined with CT. Antibody titers increased with VLP doses
and CT concentrations. The highest titer (1,980) was observed
when mice received 10 mg of VLPs combined with 2.5 mg of
CT. Antibody responses after intranasal instillation remained
significantly lower than those obtained after subcutaneous im-
munization, whatever the CT or HPV-16 L1 VLP concentra-
tion (data not shown). The dose chosen for all subsequent
intranasal immunizations was 10 mg of HPV-16 L1 VLPs com-
bined with 2.5 mg of CT. As anesthesia has been shown (1, 41)
to increase the immune response after intranasal immuniza-

tion, both anesthetized and conscious groups were included in
the experimental schedule.

VLPs administered intranasally with CT triggered serum
IgG and vaginal IgA antibody responses. Serum anti–HPV-16
L1 VLP IgG antibodies were detected in anesthetized mice 2
weeks after the first immunization. No anti–HPV-16 L1 VLP
antibodies were detected in the sera of conscious mice at that
time. Serum IgG antibodies were first detected in conscious
mice 15 days after the second immunization at a titer of 500;
the value in anesthetized mice was 5,000 (data not shown).
After the third immunization, the titer of anti-VLP antibodies
remained lower in the conscious group (4,000) than in the
anesthetized group (16,000) (Fig. 2A). Anti-HPV antibodies
were not detected in the sera of mice immunized with HBc
VLPs (control group).

Among mice receiving HPV-16 L1 DNA, low levels of anti–
HPV-16 IgG antibodies (titer, 116) were detected in the sera of
anesthetized mice immunized with HPV-16 L1 DNA together
with CT. Anti-HPV antibodies were not detected in the sera of
mice receiving HBc DNA (control group).

IgA antibody responses were induced in the vaginal secre-
tions of mice immunized with VLPs under anesthesia soon
after the second immunization (data not shown). No anti–
HPV-16 antibodies were detected in conscious mice at that
time. The highest titer of IgA antibodies (200) was observed
after the third immunization in the group of mice receiving
HPV-16 L1 VLPs under anesthesia (Fig. 2B). Three immuni-
zations were necessary to induce vaginal IgA antibody re-
sponses in the conscious group; nevertheless, titers remained
lower than those in the anesthetized group. Anti–HPV-16 IgA
antibodies were not detected in the HBc VLP control group. A
very low IgA antibody response (titer, 16) was observed in
vaginal secretions from the anesthetized mice immunized with
HPV-16 L1 DNA combined with CT, but the titer obtained
was higher than those obtained in the conscious mice and the
mice receiving HBc DNA. Vaginal anti–HPV-16 IgG antibod-
ies could not be detected in any of the immunization groups.

L1 VLPs and L1 DNA induced systemic cellular immune
responses. The development of cellular immune responses af-
ter immunization was monitored by enumeration of spleno-
cytes and by phenotype characterization (Table 1). The num-
ber of splenocytes in immunized mice was higher than the
number in nonimmunized mice (7 3 108 versus 1 3 108 cells/
ml). The variations in splenic lymphocyte phenotypes were
similar in the anesthetized and conscious HPV-16 L1 VLP-
treated groups. Compared to that in nonimmunized mice, the
number of B cells in mice immunized with VLPs was greatly
increased (6.7 3 107 versus 28 3 107). The number of T cells
was higher in mice immunized with VLPs, but to a lesser extent
(7 3 107 in the nonimmunized group versus 22 3 107 in the
immunized group). The increase in the number of T cells was
mainly due to an increase in the number of CD41 T cells.

Anesthesia and CT were essential for lymphocyte stimula-
tion in the group receiving HPV-16 L1 DNA. The number of
lymphocytes was higher in mice receiving L1 DNA combined
with CT under anesthesia, whatever the lymphocyte popula-
tion considered. The greatest increase was in T cells (7 3 107

in the nonimmunized group versus 2 3 108 in the anesthetized
immunized group) due to increases in CD41 and CD81 T
cells.

Splenocytes from mice immunized with VLPs under anes-
thesia displayed a specific proliferative response (65,000 cpm)
following in vitro incubation with 25 mg of HPV-16 L1 VLPs
per ml (Fig. 3). Proliferative responses occurred in both groups
of mice immunized with HPV-16 L1 VLPs and were higher
than those in the HBc VLP control group (17,000 cpm).

FIG. 1. IgG antibody response elicited by HPV-16 L1 VLPs in BALB/c mice
immunized intranasally with VLPs combined with CT. Serum samples were
tested by an ELISA with HPV-16 L1 VLP-coated plates.
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Splenocytes from mice immunized with HPV-16 L1 DNA dis-
played a specific proliferative response. The proliferative re-
sponse was enhanced by anesthesia, with 46,000 cpm observed
in the anesthetized group and 28,000 cpm observed in the
conscious group. Splenocytes from HBc DNA-immunized
mice did not proliferate.

IFN-g production by activated splenocytes was monitored
after 72 h of in vitro stimulation of 2 3 106 splenocytes with 15
mg of HPV-16 L1 VLPs per ml. IFN-g was released into cul-
ture supernatants by splenocytes purified from mice immu-
nized with HPV-16 L1 VLPs under anesthesia (418 pg/ml)
(Table 2) but was not detected in the HBc VLP control group.
Splenic lymphocytes from mice immunized intranasally with
HPV-16 L1 DNA released IFN-g whether the DNA was given
with anesthesia (655 pg/ml) or without anesthesia (506 pg/ml).

L1 VLPs and L1 DNA induced a vaginal cellular immune
response. The number of vaginal lymphocytes was increased
(7 3 105 cells/ml) in all of the immunized groups compared to
the nonimmunized group (2 3 105 to 7 3 105 cells/ml), with an
increase in the numbers of B and T cells in the group receiving
HPV-16 L1 VLPs under anesthesia and in the group immu-
nized with HPV-16 L1 DNA, whatever the immunization pro-
tocol. The difference between the L1 VLP-immunized group
and the L1 DNA-immunized group depended on the cell sub-
set stimulated. After L1 VLP immunization, the increase in the
number of CD41 T cells might have explained the change in
the number of T cells, whereas after L1 DNA immunization,
the change in the number of T cells was explained by the
increase in the number of CD81 T cells. Vaginal lymphocytes
stimulated in vivo in the VLP-immunized group displayed a

FIG. 2. IgG and IgA antibody responses in BALB/c mice immunized intranasally with HPV-16 L1 VLPs, HBc VLPs, HPV-16 L1 DNA, or HBc DNA. (A) The IgG
antibody response in serum samples was assayed 7 days after the third immunization by an ELISA with HPV-16 L1 VLP-coated plates. (B) The IgA antibody response
in vaginal secretions of mice was tested 7 days after the third immunization.
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specific proliferative response (12,000 cpm) about two times
higher than that of vaginal lymphocytes from the nonimmu-
nized and HBc VLP control groups (7,000 cpm) (Fig. 4). An-
esthesia enhanced vaginal lymphocyte stimulation, since a two-
fold increase in proliferation was obtained in anesthetized
mice (6,000 and 12,000 cpm, respectively). The proliferative
response was greatly increased in vaginal lymphocytes from
mice immunized with HPV-16 L1 DNA and CT under anes-
thesia (33,000 cpm). This response was greater than that ob-
tained in conscious mice (18,000 cpm). Proliferation was anti-
gen specific, since lymphocytes from mice immunized with
HBc DNA did not proliferate.

IFN-g production (Table 2) was monitored with 2 3 104

vaginal cells. IFN-g production was detected in mice immu-
nized with HPV-16 L1 VLPs combined with CT under anes-
thesia (60 pg/ml). No IFN-g was detected in stimulated vaginal
lymphocytes from the other mice.

HPV-16 L1 VLPs and HPV-16 L1 DNA induced local cyto-
toxicity. Iliac LN, vaginal, and splenic lymphocytes obtained
from mice immunized intranasally under anesthesia with

HPV-16 L1 VLPs or with HPV-16 L1 DNA were restimulated
for 4 days in vitro with HPV-16 L1 VLPs and then assayed for
cytotoxicity. The effector/target ratio was 10:1 due to the low
number of cells obtained from mouse vaginas. Lymphocytes
purified from iliac LNs exhibited specific cytotoxicity when
mice were immunized with HPV-16 L1 VLPs (14%) or with
HPV-16 L1 DNA (17%) (Table 3). No cytotoxic activity was
detected with vaginal and splenic lymphocytes. CD81 T cells
from iliac LNs were cytotoxic (Table 4) in mice immunized
with L1 VLPs (9%) or with L1 DNA (19%). CD41 T cells did
not show cytotoxic activity.

DISCUSSION

Genital papillomavirus infections occur when basal cells of
the genital squamous epithelium are exposed to viruses. A
prophylactic vaccine against HPV infections and associated
diseases should therefore provide protective immunity at the
site of pathogen entry. One important component in the efforts
to develop a vaccine against genital papillomaviruses is the

FIG. 3. In vitro proliferation of splenic lymphocytes from mice immunized intranasally with HPV-16 L1 VLPs, HBc VLPs, HPV 16 L1 DNA, or HBc DNA and
restimulated with 25 mg of HPV-16 L1 VLPs per ml. Error bars show standard deviations.

TABLE 1. Splenic and vaginal lymphocyte subsets in mice immunized intranasally with HPV-16 L1 VLPs or HPV-16 L1 DNA

Immunization
groupa Anesthesia

Mean 6 SD no. (105) of the following lymphocytes of the indicated subset:

Splenic Vaginal

B T CD41 CD81 B T CD41 CD81

Nonimmunized No 700 6 141 700 6 99 300 6 13 100 6 9 2 6 0.4 2 6 0.07 0.5 6 0.03 2 6 0.4

VLPs Yes 3,000 6 75 2,000 6 128 2,000 6 104 700 6 54 7 6 0.2 7 6 0.1 5 6 0.5 4 6 0.08
No 4,000 6 158 2,000 6 112 1,400 6 34 500 6 26 5 6 0.2 5 6 0.05 3 6 0.06 4 6 0.7

DNA Yes 900 6 51 1,500 6 42 800 6 35 400 6 15 6 6 0.1 6 6 0.09 4 6 0.1 10 6 0.06
No 900 6 78 200 6 22 800 6 47 400 6 29 5 6 0.06 1 6 0.02 2 6 0.02 4 6 0.07

a CT was included in all immunized groups.
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definition of routes and conditions of immunization that stim-
ulate mucosal immune responses as well as systemic immune
responses. Detection of cell-mediated immunity and antibody-
secreting cells in genital tissues following virus infections in
humans and monkeys (32) has provided evidence that an ap-
propriate vaccine strategy might be able to elicit both antibod-
ies and CTL in the genital tract (38) and could provide pro-
tection. Such lymphocytes have already been detected in the
vaginal mucosa and draining LNs after mucosal immunization
(16, 23, 35).

The concept of the common mucosal immune system (37)
implies that an immune response may occur in mucosal sites
other than the site of vaccine administration. Indeed, some
intranasally administered antigens have already been shown to
induce a specific IgA antibody response in the genital tract (12,
16, 31, 36, 60). Some reports have also demonstrated that

intranasal administration of a DNA vaccine leads to vaginal
secretion of IgA antibodies and to major histocompatibility
complex (MHC)-restricted CTL in genital LNs (6, 24, 25, 31,
50). Virus-neutralizing IgA antibodies are important in pre-
venting local infection and disease, since binding of IgA to the
virus in the mucosa can prevent attachment to epithelial cells.
Systemic immunization of African green monkeys with
HPV-11 VLPs resulted in transuded cervicovaginal IgG anti-
bodies that only partially neutralized HPV-11 infection in vitro
(33), suggesting that IgG alone may be insufficient for long-
lasting protection.

In the present study, we observed that intranasally adminis-
tered HPV-16 L1 VLPs combined with CT induced anti-VLP
IgG antibodies, in agreement with the results obtained for
other viral antigens (19, 29, 34, 40, 42, 52). The IgG response
observed was CT dose dependent, with a 10-fold increase in
IgG immune response corresponding to a 5-fold increase in the
CT concentration in the vaccine. In contrast, an increase in the
dose of HPV-16 L1 VLPs did not enhance the immune re-
sponse proportionally. In contrast to the results of Liu et al.
(30), we failed to detect any intestinal or vaginal IgA after
parenteral vaccination (data not shown) as well as after intra-
nasal immunization, regardless of the antigen and CT doses
used. In our study, the highest serum reactivity was obtained

FIG. 4. In vitro proliferation of vaginal lymphocytes from mice immunized intranasally with HPV-16 L1 VLPs, HBc VLPs, HPV-16 L1 DNA, or HBc DNA and
restimulated with 15 mg of HPV-16 L1 VLPs per ml. Error bars show standard deviations.

TABLE 2. Quantification of IFN-g in culture supernatants of
splenic and vaginal lymphocytes from mice immunized with HPV-16

L1 VLPs, HBc VLPs, HPV-16 L1 DNA, or HBc DNAa

Immunization
groupb Anesthesia

IFN-g release (pg/ml) from the
following lymphocytes:

Splenic
(2 3 106 cells)

Vaginal
(2 3 104 cells)

Nonimmunized No ,20 ,20

VLPs Yes 418 60
No ,20 ,20

Control (HBc) Yes ,20 ,20

DNA Yes 655 ,20
No 506 ,20

Control (HBc) Yes ,20 ,20

a The limit of detection of the assay was 20 pg/ml.
b CT was included in all immunized groups.

TABLE 3. Cytotoxic activities of splenic, iliac LN, and vaginal
lymphocytes purified from 20 mice immunized intranasally with

HPV-16 L1 VLPs or HPV-16 L1 DNA

Vaccine group

% of the following lymphocytes with
cytotoxic activity:

Splenic Iliac LN Vaginal

Nonimmunized 5 2 0
HPV-16 L1 VLPs 4 14 5
HPV-16 L1 DNA 3 17 3
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after immunization with 10 mg of HPV-16 L1 VLPs combined
with 2.5 mg of CT. Like Balmelli et al. (1), we found that
anesthesia combined with CT increased the potential of
HPV-16 L1 VLPs to induce serum IgG and vaginal IgA pro-
duction. Anesthesia has also been demonstrated to promote
antibody responses after intranasal administration of VLPs
without an adjuvant (1). Anesthesia may increase antigen re-
tention in the respiratory tract and consequently lead to a
better interaction with lymphoid cells in nose-associated lym-
phoid tissues (1). Intranasal inoculation is assumed to allow
the antigen to cross the nose-associated lymphoid tissues to
generate a stronger secretory IgA response (26, 61). It has
been demonstrated that mucosal secretions containing both
anti-HPV-16 L1 VLP IgA and IgG are neutralizing (1). How-
ever, differential efficacies of neutralization by IgG and IgA
have not been ruled out. Nevertheless, as demonstrated in the
herpes simplex virus (HSV) type 2 and human immunodefi-
ciency virus type 1 models (25, 45), immunity to HPV in the
genital tract may also depend on the T-cell defense system in
mucosal tissues, as suggested by McDermott et al. (35).

In accordance with these findings, we showed that intrana-
sally administered HPV-16 L1 VLPs enhanced specific CD41

T-cell populations in both the spleen and the vagina. These
CD41 T cells appeared to produce IFN-g, known to inhibit
viral infection. The CD81 T-cell population remained stable.
In vitro proliferation and IFN-g synthesis by mucosal cells in
response to antigenic stimulation provide strong evidence for
putative local immune reactivity. In the HSV type 2 model,
MHC class II expression was up-regulated more rapidly when
immune mice were challenged with virus (34), due to the
rapidly increased synthesis of IFN-g by memory T cells. Vari-
ations in the proportions of T- and B-cell subpopulations in the
vaginal mucosa add support for the concept of local cell-me-
diated immunity as a potential host defense mechanism in the
female reproductive tract (21, 35). Moreover, we provided
evidence that specific cytotoxic CD81 cells were activated in
iliac LNs by intranasally administered VLPs. This result adds
support for the potential of VLPs to induce MHC class I
CD8-restricted responses (11, 14), although CTL responses are
usually induced by endogenously presented antigens.

Another approach to vaccination relies on the use of a DNA
vaccine to stimulate humoral and cellular immunity. MHC
class I CD8-restricted T cells could be continually generated
after DNA vaccination due to DNA persistence in transfected
cells (59). Recent reports have demonstrated the potential of
DNA vaccination to induce a mucosal immune response after
intranasal immunization (2, 31, 61). In our study, the adjuvant
CT given with the intranasally administered DNA initiated a
weak mucosal IgA response compared to that observed in an
HSV model (25). We also demonstrated that intranasal immu-
nization with HPV-16 L1 DNA provided systemic cell-medi-
ated immune responses as well as cellular immunity at the
vaginal mucosal site. The cellular immune response obtained
with the vaginal lymphocytes when we used HPV-16 L1 DNA

was enhanced compared to the response obtained when we
used HPV-16 L1 VLPs. The low IgA level and the increase in
the number of CD81 T cells suggested that the immune re-
sponse was skewed toward cytotoxicity.

In agreement with this conclusion, we demonstrated that the
CD81 T lymphocytes purified from vaginal draining LNs ob-
tained from mice immunized with HPV-16 L1 VLPs or with
HPV-16 L1 DNA displayed cytotoxicity despite the small num-
ber of effector cells used. The lack of detection of cytotoxic
activity with the splenic lymphocytes might have been due to
the small number of effector cells used (25). As demonstrated
by Klavinskis et al. (24), we found that intranasally adminis-
tered plasmid DNA can prime mucosal CTL that recirculate
and localize in the iliac LNs. The mechanism for the appear-
ance of lymphocytes in the genital tract after intranasal immu-
nization is not clear, and little information is available regard-
ing cell-mediated immunity in the vaginal mucosa. Recent
studies have shown that vaginal lymphocytes express systemic
homing receptors, aLb2 and a4b1, suggesting that these lym-
phocytes are recruited at the periphery (46). Nevertheless, as
suggested by Mitchell et al. (38), primed CD81 T cells from
iliac LNs should migrate to the vaginal mucosa following local
antigen stimulation, thus explaining why virus-specific CTL
localized in genital LNs are effective in the clearance of virus
from the vagina (21, 35, 46).

In conclusion, the HPV-16 L1 DNA vaccine strongly pro-
motes the stimulation of vaginal CD81 T cells, which are
essential for the elimination of virus-infected cells. However,
the HPV-16 L1 DNA vaccine does not seem to be a good
candidate for a prophylactic vaccine when given intranasally,
since it induces weak humoral immunity. However, such a
vaccine could be given in addition to an HPV-16 L1 VLP
vaccine to increase its ability to eliminate infected cells. On the
other hand, an intranasally administered E6 or E7 DNA vac-
cine should be considered for therapeutic use, since the L1
DNA vaccine induces a very strong T-cell immune response in
the vagina. Our results also provide evidence that an intranasal
HPV-16 L1 VLP vaccine induces a vaginal IgA response and
activates vaginal Th1-like CD81 T-cell-mediated cytotoxicity.
Thus, intranasally administered HPV VLPs probably consti-
tute the vaccine formulation and route of administration of
choice to obtain maximum protection at the site of virus entry.

Anesthesia and CT are, of course, not suitable for human
vaccination against HPV. However, an aerosol with VLPs
could be administered by inhalation to target the BALT, and
CT could be replaced by its nontoxic B subunit, which elicits
both IgG and IgA production in the genital tract when given
intranasally to humans (3). On the other hand, protective ef-
ficacy against vaginal infection of immunized mice with Chla-
mydia trachomatis is correlated with the production of specific
vaginal IgG and IgA antibodies and a T-cell immune response
(47). Thus, if VLP vaccines currently being investigated for
intramuscular immunization of humans are not completely ef-
ficient against natural HPV infections, an HPV vaccine con-
taining nontoxic CT as an adjuvant and administered via an
aerosol might be an alternative.
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TABLE 4. Cytotoxic activities of iliac LN CD81 and CD82 cells
from mice immunized with HPV-16 L1 VLPs or HPV-16 L1 DNA

Iliac LN lymphocytes

% of cytotoxic iliac LN cells from
mice immunized with HPV-16 L1:

VLPs DNA

Total 14 17
CD81 9 19
CD82 0 5
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